icrobial life thrives in the anaerobic environment of the human gastrointestinal tract, which represents one of the densest microbial communities known in nature. With a collective microbial gene count (the 'microbiome') exceeding that of the host by more than 100-fold, the microorganisms living within our gut (the 'microbiota') in many ways represent an additional metabolic organ that contributes substantially to our physiologyincluding nutrient absorption, metabolism, disease resistance and susceptibility, and response to xenobiotics [1] [2] [3] [4] [5] . More than a decade's worth of 16S rRNA sequencing and metagenomic analyses of hundreds of human gut microbiomes collected over numerous geographical locations have shown that each individual harbours a unique assemblage of microbial life that first establishes itself when we are born, changes markedly over the first two to three years of life, and then remains fairly stable throughout our adult lives [6] [7] [8] [9] . These communities include representatives from all three domains of life, with hundreds of species and strains occupying and competing for limited space and resources.
Fortunately, some of the most abundant species in our gut are both readily cultured and genetically tractable. As a prominent genus within the Bacteroidetes phylum ( Fig. 1) , the obligately anaerobic Bacteroides have become a major focus of human gut microbiology over the course of a century since their discovery [18] [19] [20] . They live and grow exclusively in the gastrointestinal tracts of mammals, suggesting strong adaptation to the gut environment 21 . As commensals and mutualists, they can establish stable, long-term associations with their human hosts and confer numerous health benefits 8 . Because they are major constituents of the microbiota, are widespread across human populations, are highly adapted to life in the gut, and form a foundational part of the microbial food webs in the gut, the Bacteroides are an ideal model group from which to discover the fundamental principles that determine how our core gut bacteria colonize and persist not just over the life of their host, but over vast evolutionary timescales. This Review will use the Bacteroides as a window into the obscure world of the gut microbiota. We will examine the qualities that enable them to tolerate and persist through various environmental changes or insults, assess how they interact to establish cooperative or antagonistic relationships with their neighbours, and discuss the complicated relationships our commensals can have with their host that may ultimately result in either immunological tolerance or disease. The Bacteroides field enjoys a multiple-decade 'jump-start' over our understanding of other gut microorganisms: this Review highlights the general principles that have emerged and probably apply to much of the microbiome.
Bacteroides reveal microbiota biochemistry
Gut-associated microbial communities are compositionally distinct from other natural microbial communities and are a product of the unique environment in which they evolved 22 . The human intestinal tract reaches an average of 7.5-8.5 m in length in most adult humans, presenting more than 32 m 2 of surface area (when accounting for intestinal villi) for host-microbial interaction 23, 24 . The gut is divided into two major sections: the small intestine (between the pyloric and ileocecal sphincters), where most host nutrient ; thirdly, the host immune system presents several added challenges to colonizers, with host secretory immunoglobulin A (sIgA) and antimicrobial peptides continuously secreted from the epithelium into the small intestine, and even more so during inflammation 28, 29 ; and lastly, constant peristalsis of the intestinal smooth muscles ensures that any ingested microorganism must experience and survive this maelstrom of challenges to successfully colonize the distal gut. It is perhaps a result of the comparatively harsher conditions in the small intestine that the bulk of bacterial growth occurs in the large intestine, where host nutrient absorption is minimal, luminal pH is fairly neutral and oxygen levels are in the sub-micromolar range. Studies of Bacteroides have revealed multiple biochemical mechanisms to adapt and persist within this dynamic environment 3, 30 .
To help cope with these challenges, Bacteroides can actively refine the gut environment to make it more hospitable to themselves and other microorganisms. For instance, many encode a cytochrome bd oxidase that is hypothesized to reduce intracellular oxygen levels, and by extension, gut oxygen levels, thereby permitting the growth of strict anaerobes that are otherwise killed by the presence of O 2 (ref. [31] [32] [33] . This ability to tolerate and reduce oxygen levels would likely aid Bacteroides in spreading to new hosts and is perhaps a major reason why they are so widespread among mammals 21, 34, 35 . They can also alter the nutritional landscape of the gut by promoting physiological changes in their host to induce the production of certain food sources, such as fucosylated glycoproteins, or by liberating fucose and sialic acid residues from glycoproteins that can be consumed by other microorganisms, including pathogens 36, 37 . Many of these Bacteroides-dependent changes to the gut environment have been identified by comparing germfree animals that lack microorganisms of their own, with gnotobiotic counterparts (born germfree but later colonized with microorganisms) mono-associated with individual Bacteroides strains and mutants.
Although one might imagine life in the gut as replete with an excess of food choices for microorganisms, in the colon (where bacterial densities are highest), the simple, readily accessible sugars have largely already been consumed or absorbed 38 . Among the remains are complex, long-chain polysaccharides that are not freely absorbed and cannot be digested by the human enzymatic repertoire. For many bacteria, these complex polysaccharides are similarly intractable and cannot be transported across membranes. However, early studies established Bacteroides as adept glycan degraders, with an unusual ability to recognize and metabolize more than a dozen plant-and host-derived polysaccharides 39, 40 . Bacteroides species accomplish this through gene clusters, which appear unique to Bacteroidetes, termed polysaccharide utilization loci (PULs). PULs can determine which metabolic niches Bacteroides can occupy, and can even determine their biogeographical locations within the intestinal tract 25, 41 . PULs are classified as such because they contain homologues of susC and susD from the classic starch utilization system 42, 43 ( Fig. 2a) , as well as other components (glycoside hydrolases, polysaccharide lyases, glycosyltransferases, carbohydrate esterases) that are important for the breakdown of a wide variety of either plant-or host-derived glycans 44 . Extracellular polysaccharides are bound by outer membrane lipoproteins (SusD-, SusE-and SusF-like) and cleaved by SusG-like glycoside hydrolases into smaller oligosaccharides, which are transported through SusC-like channels into the periplasm in a TonB-dependent manner, where they are further degraded by SusA-and SusB-like enzymes into simple sugars that are taken into the cytoplasm through inner membrane permeases 44, 47, 48 . Rather than expressing all PULs concomitantly to capture whatever polysaccharides might be available in their immediate surroundings, Bacteroides tightly regulate their expression via a multitude of SusR-like regulators, hybrid two-component systems and trans-envelope signalling pathways involving extra-cytoplasmic σ/anti-σ factors 47, [49] [50] [51] [52] [53] . Perhaps as a consequence of the need to partially degrade long polysaccharide chains prior to transport across the outer membrane, B. thetaiotaomicron and other gut Bacteroidetes have managed to couple transcription of appropriate PULs with the abundance of their corresponding polysaccharide breakdown intermediates, rather than the abundance of the extracellular polysaccharides themselves 54 . This allows gut bacteria to rapidly adapt to changes in nutrient availability and ease the process of switching between carbon sources 54 . This form of regulation represents a departure from classical feedback control in which the first committed step of a pathway is regulated by the product of the final step of the pathway. Whether this strategy-coupling transcriptional regulation to the rate of intermediary metabolite breakdown via a non-allosteric mechanism-is a common feature of gut bacteria remains unknown; however, other variations on this paradigm exist within Bacteroides themselves 55 . Other gut anaerobes, such as Gram-positive Firmicutes, degrade polysaccharides via multi-enzyme complexes called cellulosomes and amylosomes, but their regulation appears tied to intact polysaccharides 56, 57 . Because PUL activation is a product of the gut environment, a diet rich in plant-derived polysaccharides and glycoproteins will lead to a temporary upregulation of PULs to degrade those dietary nutrients. However, when those substrates are scarce, such as during periods of fasting or on certain low-fibre diets (as in a highsugar, high-fat Western diet), glycophilic Bacteroides switch their transcriptional profile to consume host-derived glycans instead 58 . These temporary switches are probably a major factor that allows certain bacteria to initially colonize the gut during infancy and persist there over the course of our lifetime. While Bacteroides can subsist primarily on host glycans during the relatively short period of host infancy, they can ultimately go extinct when forced to subsist on a low-fibre diet over the timespan of multiple host generations, according to recent work using animal models 59 . Bacteroides are not merely adept at degrading polysaccharides; they assemble them, as well. Their cell surface is coated with a multitude of glycoproteins and capsular polysaccharides that can extend hundreds of nanometres from the cell surface and contribute to the overall fitness of these bacteria in their natural environment 50, 60 . These surface structures mark the interface between individual members of the microbiota (and their host), and thus are likely to 
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play an important role during microorganism-microorganism and microorganism-host interactions in the gut. This is certainly the case for numerous pathogens whose capsules aid in immune system evasion via mechanisms that include disruption of neutrophil chemotaxis (for example, Salmonella typhi 61 ) and evasion of host complement system (for example, Klebsiella pneumoniae 62 ). By contrast, Bacteroides use a process called phase variation that controls the expression of their capsular polysaccharide biosynthetic loci in an on/off manner 63 ( Fig. 2b) . Bacteroides fragilis, for example, produces distinct capsular polysaccharides from eight biosynthetic loci, whose expression is tightly regulated by invertible promoter regions and trans-locus inhibitors that limit simultaneous expression of multiple loci, thereby allowing isogenic populations of B. fragilis to collectively display a wide array of surface architectures [63] [64] [65] [66] [67] ( Fig. 2b ). This contrasts with oral Bacteroidetes, which do not phase vary their capsules, suggesting that this process is important to life in the gut 66 . The precise ecological role of phase variation in this environment remains unclear; however, Bacteroides seem to require the ability to produce a minimum of one capsular polysaccharide to persist within the mammalian gut, as an acapsular B. fragilis mutant is rapidly outcompeted by the wildtype in gnotobiotic mice 68 . Phase variation and expression of multiple capsular polysaccharides can provide a degree of protection to cells by minimizing binding of sIgA, as well as offering a more general physical protection to the cell 69 . However, the capsule can also be a hindrance to the cell by acting as a diffusion barrier to large nutrients, such as branched dietary polysaccharides 50 . To counteract this diffusion barrier, Bacteroides encode surface-exposed lipoproteins (SusD-, SusE-and SusF-like homologues) that bind to and immobilize large polysaccharide chains for degradation and import into the cell 49 . The capsular composition of gut bacteria also has a major impact on the host. One zwitterionic capsular polysaccharide in particular from B. fragilis, polysaccharide A (PSA), has been shown to promote immunological tolerance in gnotobiotic mice and even suppress Studying multispecies microbial communities can be exceedingly challenging given their characteristic degree of biological complexity. For this reason, there is an ever-growing demand for the development of improved tools with which to dissect our gut microbiota. Here, we highlight some of the tools developed or improved upon in recent years, which have facilitated the discovery of much of what we now understand about our microbiomes.
Gnotobiotics. The gut microbiome field benefits greatly from the use of gnotobiotic (known life) animal models-particularly gnotobiotic mice. These animals enable researchers to conduct a wide array of experiments that cannot be performed on human subjects. Gnotobiotic mice are born germfree (without any microorganisms of their own); from this empty stage, researchers can precisely control the composition of their microbiota by building simplified, defined communities consisting of known species and mutants within these species, and can perform time series assays comparing multiple conditions and controls in parallel. Defined communities can readily be quantified by quantitative PCR or techniques such as COmmunity PROfiling by Sequencing (COPRO-Seq), which uses highly parallel sequencing of genomic DNA extracted from faecal samples, followed by mapping to reference genomes 134, 135 . Important caveats of gnotobiotic animal studies have been reviewed elsewhere, and include their altered anatomy and underdeveloped immune system, and the possibility that adult germfree mice receiving a transplanted microbiota may lack microbial exposure during important developmental periods. Mice that receive a microbiota from human donors generally do not exactly mirror their donor due to diet, anatomy or other differences 136, 137 .
High-throughput culturing and sequencing. While human gut microbial communities can be transplanted into germfree mice, their biological complexity makes it difficult to parse the contributions of key species to an ecological function or host phenotype 137 . For these and other reasons, it is often desirable to simplify and define the members of a community in order to combine them in customizable ways depending on the specific goals of a study. High-throughput anaerobic culturing is a method that creates arrayed libraries of individual species from a given donor 13, 14, 16, 138 . Combining this technique with gnotobiotics opens the door to identifying specific commensals that cause or exacerbate disease phenotypes or are responsible for specific host or microbiota traits. For instance, by combining gnotobiotics with arrayed anaerobic culturing of whole human gut communities from patients with IBD, researchers were able to identify individual strains with high levels of IgA coating (assessed by flow cytometry) using 16S sequencing-based IgA-Seq 139 . Gnotobiotic mice colonized with defined communities of these high-IgAassociated strains were found to be more susceptible to colitis 139 .
Commensal genetics and fitness. Though most of our microbiota is currently culturable, only a fraction is amenable to genetic manipulation, making it fundamentally more difficult to dissect how our individual gut microorganisms function in their environment. Of those that are culturable and genetically tractable, the Bacteroides have given us some of our most important glimpses into microbial life in our gut. Building on the pioneering work of Abigail Salyers 140 , new tools combine high-throughput genetic screens, as in the transposon-based INSeq method, with gnotobiotics in order to explore functional requirements of microorganisms in the gut 89, 141 . Targeted gene deletion studies can then be applied to verify and validate the phenotypes of important mutants, thereby providing invaluable steps towards uncovering not only the location of key genomic regions within gut commensals, but also the function of the gene products encoded therein. Systems biological approaches have also been developed recently for use in Bacteroides and other gut bacteria, including inducible expression systems that can be turned on or off both in vitro and in gnotobiotic animals upon sensing specific signals 142, 143 . Enhancements and modifications to these systems will be critical for efforts to monitor the gut environment using biosensors, or even to deliver drug therapies in a more targeted manner 144 .
Microscopy and microbiota visualization. The mammalian gut is a fascinatingly complex microbial environment, but for practical reasons we rarely get to peek inside. This severely limits our understanding of the spatial distributions and physical interactions between microorganisms within our gut. However, advances in immunofluorescence labelling, cellular substratemodifying 'click' chemistry, cross-section and whole-body imaging and image analysis software have begun to shed new light on these problems 145, 146 . These methods will be critical for studying spatial co-localization between species within the gut (that is, niche sharing/exclusion), identifying mucosa-associated species that may interact physically with host cells and effects of diet, community composition, antibiotics, inflammation, or infection on the microbial landscape in the gut. [70] [71] [72] (Fig. 2b) .
Box 1 |
Emerging tools to study the microbiome.
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Bacteroides and the ecology of the microbiome
The microbial food webs in our gut are largely built from the nutrients we consume 11, 45, [73] [74] [75] . Thus, host diet plays a fundamental role in determining the composition of our gut microbiota, including during infancy 6, [76] [77] [78] . Most infant diets generally consist of human breast milk and/or bovine milk-based formula, which are composed of a complex mixture of simple sugars (for example, lactose, galactose, glucose, fucose, sialic acid, and N-acetylglucosamine) and complex oligosaccharides, often with appended fucose or sialic acid moieties 79, 80 . Given the link between our diet and microbiota, there is a growing interest in identifying dietary factors that can function as prebiotics to help promote a healthy gut microbiota for patients suffering from diseases such as inflammatory bowel disease (IBD), or infants suffering from malnutrition. A recent study that analysed the breast milk of post-partum mothers in Malawi found a link between low levels of sialylated milk oligosaccharides and higher degrees of growth stunting in infants 81 . By transplanting the microbiota from stunted Malawian infants into germfree mice (or a subset of cultured microorganisms into germfree piglets) fed a prototypical Malawian diet supplemented with or without sialylated bovine milk oligosaccharides (S-BMO), Charbonneau and colleagues observed microbiota-mediated augmentations in lean body mass, bone density and host nutrient absorption compared to controls. Out of all species present, B. fragilis and Escherichia coli showed the strongest transcriptional responses to S-BMO, with B. fragilis being its primary metabolizer (breaking sialyllactose into sialic acid, galactose and glucose) and E. coli being a secondary consumer of these monosaccharides. Surprisingly, none of the bacteria that showed a different transcriptional response to the presence of S-BMO belonged to the genus Bifidobacterium, members of which have long been classified as probiotics due to their positive associations with human health [81] [82] [83] . Notably, colonizing germfree mice with B. fragilis and E. coli alone on the S-BMO-supplemented Malawian diet did not recapitulate the growth augmentations observed in the presence of the complete community, suggesting that more intricate microbial interactions and food webs are required and underscoring the need to mechanistically understand these interactions to better design effective prebiotic and probiotic regimes 81 . As model gut commensals, the Bacteroides could provide important tools for developing a new generation of probiotics (see Box 1) .
Ecological interactions are common throughout the microbiota in which members of these communities respond transcriptionally and metabolically to the presence and activity of one another. Reductionist approaches involving gnotobiotic mice have helped to uncover these responses (see Box 1). For instance, colonizing germfree mice with a single representative of the Bacteroidetes (B. thetaiotaomicron) and a single representative of the Firmicutes (Eubacterium rectale) showed that in response to the presence of one another, B. thetaiotaomicron upregulates certain PULs for catabolism of host glycans (genes which E. rectale lacks), while E. rectale upregulates the expression of genes for fermenting amino acids and importing simple sugars 84 . Similar responses occur in co-colonization experiments involving B. thetaiotaomicron and the probiotic Firmicutes, Lactobacillus casei, or the probiotic Actinobacterium, Bifidobacterium longum, suggesting that transcriptional responses provide a valuable window into niche segregation in the gut for both genetically tractable and intractable members of this community 85 . Some microorganisms directly depend on others for resources that they themselves cannot produce. A class of metabolic cofactors called corrinoids (the most famous of which is vitamin B 12 ) is a central component of the fitness landscape in the gut, as they are required in many cases for methionine synthesis and other metabolic pathways 86, 87 . Several gut-resident Firmicutes, Actinobacteria and Proteobacteria provide these cofactors to the rest of the community by encoding the genes for their de novo synthesis. However, many members of the microbiota, including the Bacteroidetes, lack some or all of the genes for the synthesis of these large and complex metabolites, and instead rely exclusively on corrinoid transporters to extract them from the extracellular milieu 88, 89 . A key corrinoid transport system was identified in B. thetaiotaomicron using a transposon-based screening method called INsertion Sequencing (INSeq). Transposon mutants harbouring insertions within this corrinoid transporter locus of B. thetaiotaomicron are unable to compete with wildtype cells in gnotobiotic mice 89 . Moreover, the requirement for this system in more complex gut microbial communities strongly correlates with the abundance of a corrinoid-producing commensal, Ruminococcus obeum (that is, as the abundance of R. obeum decreases, the fitness of corrinoid transporter mutants also decreases). This suggests that the presence of corrinoid-producing microorganisms in the gut can affect community structure overall, and Bacteroides abundance in particular, and highlights how the genetic tractability of Bacteroides enables identification of interactions between gut bacteria, the molecular 'currency' of these interactions, and the specific proteins involved 89 (see Box 1). While members of different phyla clearly compete for shared resources in the gut, the stiffest competition appears to occur between close evolutionary relatives that share many of the same genes and functional capacities within the gut ecosystem. In the most extreme case, human gut Bacteroides are unable to supercolonize a mono-associated gnotobiotic mouse that already carries members of that species, suggesting that all potential niches for the invading bacteria are occupied by its established sister cells 41 ( Fig. 3a) . However, a species of Bacteroides can easily colonize gnotobiotic mice that already carry a different species of Bacteroides, suggesting limited niche overlap (Fig. 3b) . Using an elegant genetic screen, Lee and colleagues identified a unique form of PUL, termed commensal colonization factor (CCF), which is required for resident bacteria to prevent invasion by other members of the same species 41 (Fig. 3c) . In B. fragilis, a ccf mutant displayed reduced colonization of colonic crypts compared to wildtype and reduced horizontal transmission to other gnotobiotic mice, suggesting that the crypts can serve as a microbial reservoir that seeds the gut lumen, allowing long-term colonization of the gut 41 (Fig. 3c) . However, general mechanisms by which niche occupation in the gut takes place remain unclear. One possibility is niche specialization, in which each community member actively fills a distinct niche by expressing some unique set of genes, allowing for a specialized function within the community. Another possibility is incomplete niche overlap: by harbouring a partially overlapping assemblage of genes shared by many members of the community, the metabolic capacity of each species is slightly different, thus reducing direct competition between any two neighbouring species and instead making each neighbour a partial competitor for shared resources. These two explanations are not mutually exclusive, but rather fall along a continuum of influence that depends on environmental context. In general, the simpler a community is in terms of biological diversity, the more likely that niche specialization is to be important. However, in more complex communities consisting of dozens to hundreds of species, incomplete niche overlap is likely to become more important.
The line between cooperator and competitor in the gut is far from clear and many species appear to play both roles simultaneously. For instance, we know that some Bacteroides species compete with one another for dietary polysaccharides, such as inulin and xylan in co-culture experiments, yet share some of their polysaccharide harvesting machinery (for example, glycoside hydrolases) with neighbouring species either through the secretion of outer membrane vesicles (OMV) 90 or via the extracellular activity of the cell-tethered enzymes themselves 91 ( Fig. 4a) . OMV secretion by
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members of the Bacteroidetes is a well-documented phenomenon, but its ecological impact is still uncertain as the genes responsible for OMV formation have yet to be identified 92, 93 . Surprisingly, these OMVs can serve as shuttles for public goods between genetically distinct members of the microbiota, thereby allowing other species to expand their palate for carbon sources without directly encoding the genes to do so (Fig. 4a) . OMVs can also serve as delivery vessels between microorganisms and their host, as is the case for the anti-inflammatory microbial compound PSA, produced by B. fragilis 70, 71, 94 . Recently, an OMV-independent mechanism for nutrient sharing has been observed between related species of Bacteroides. Bacteroides ovatus encodes two extracellular inulin glycoside hydrolases that are dispensable for its own growth on inulin, but required to promote the growth of Bacteroides vulgatus, which lacks these enzymes 91 . B. ovatus appears to benefit reciprocally from B. vulgatus through an unknown mechanism 91 . These polysaccharide-sharing mechanisms suggest that cooperation among members of the gut microbiota (within and probably beyond Bacteroides) is not merely limited to production and consumption of metabolic waste products and help to shed light on the processes governing ecological function and stability in the gut.
Some interactions between gut microorganisms, however, appear to be purely antagonistic, or even territorial via the secretion of toxic proteins. Bacteriocins are freely diffusible secreted toxins with a variety of catalytic functions including pore formation, nucleic acid degradation and inhibition of cell wall synthesis, and are typically produced by and target closely related strains and species 95 . For example, strains of the Firmicutes pathobiont Enterococcus faecalis carrying a conjugative, bacteriocin-encoding plasmid can displace susceptible strains of E. faecalis in mice, implying a role for bacteriocins in niche displacement in the gut 96 . Strains of Bacteroides also produce and secrete antimicrobial proteins, such as Bacteroidales secreted antimicrobial protein 1, or BSAP-1 (B. fragilis; loaded into OMVs; Fig. 4a ) and BSAP-2 (Bacteroides uniformis), which contain membrane attack complex/perforin (MACPF) domains and target closely related strains in vitro and in vivo 97, 98 . To resist sister-cell killing, bacteriocin producers can directly encode immunity factors that protect against cytotoxicity, or in the case of Bacteroides 
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BSAP producers, encode a non-targeted orthologue of the toxin receptor adjacent to the toxin genes themselves 98, 99 . In this way, toxin/immunity mechanisms can readily spread by horizontal gene transfer.
The high bacterial cell densities in the gut are likely to substantially enhance resource competition among neighbouring cells. Many gut Bacteroidetes seem to have found a way to reduce local competition for shared resources between non-genetically identical cells, in part through the use of type VI secretion systems (T6SSs) 100, 101 (Fig. 4b) . These multi-protein machines rapidly inject antibacterial toxins called effectors into adjacent cells upon direct cell-to-cell contact 102 . The T6SSs of Bacteroidetes are evolutionarily distinct from those of the well-studied Proteobacteria (Bacteroidetes are missing at least five core components and encode several novel components of unknown function), and collectively segregate into three distinct architectures, two of which are present on integrative conjugative elements that probably facilitate their lateral spread to other species 101, 103 . The effector repertoires among gut Bacteroidetes vary widely from species to species and even among strains of the same species. For instance, B. fragilis strains each encode 2 of at least 12 putative effectors in conserved positions within the T6SS locus 103, 104 . To date, four of these effectors have been confirmed to have antibacterial properties, though their mechanisms of toxicity and cellular targets are unknown 104, 105 . T6SS effectors have been best studied in Proteobacteria, such as Pseudomonas aeruginosa and Vibrio cholerae, and can have wideranging targets, including Gram-negative peptidoglycan (amidases, glycosidases, muramidases), cell membranes (phospholipases, pore formation), nucleic acids (DNases), and dinucleotides (glycohydrolases) 102, 106 . While some putative effectors within members of the Bacteroidetes are also predicted to have these toxic activities based on shared homology, others have no known or predicted function, or recognizable domains 103, 104 . T6S-mediated antagonism appears to be a constant feature of life in the gut. Using mathematical modelling based on experimental measurements, B. fragilis was recently shown collectively to inject its effectors more than 10 9 times per minute per gram of gut content in gnotobiotic mice 104 . In contrast to diffusible bacteriocins or host-secreted antimicrobial peptides and sIgA, the requirement of direct contact limits the target range of this system to cells in the immediate vicinity. Thus, it is possible that T6SSs serve as a means for gut bacteria to limit local competition for shared resources while preserving the overall biodiversity in the gut, thereby allowing T6SS 'donor' bacteria to continue to benefit from diffusible metabolites produced by more distant cells that are out of range of the T6SS needle. Importantly, T6SS activity not only directly benefits the donor bacterium, but can also protect the host from enteric pathogens. Hecht and colleagues recently demonstrated that colonization of specific pathogen-free mice by enterotoxigenic B. fragilis could be inhibited in a T6SS-dependent manner by a commensal strain of B. fragilis encoding the T6SS 
Bacteroides modulation of the host
The human gastrointestinal tract is in perpetual contact with microorganisms. Collectively, these microorganisms have profound impacts on the host immune system, whether in the context of pathogenesis by infectious agents, inflammatory bowel diseases, cancer or autoimmunity. In large part, what distinguishes friend from foe within the microbiota is determined by these interactions with host immunity, and often depends on a multitude of extrinsic factors. The Bacteroides illustrate how one bacterial group can wear three different hats-commensal, mutualist or even pathobiontdepending on details of biogeographical location within the host, microbiota composition and the availability of certain nutrients. The impact of the gut microbiota on immune system development is perhaps most apparent from studies contrasting immunity in conventional animals and germfree counterparts. Germfree animals not only have an underdeveloped immune system-marked by smaller immune-associated tissues such as Peyer's patches, lamina propria and mesenteric lymph nodes, and an imbalance between T helper 1 (Th1) and Th2 cells in favour of the latter, as well as reduced levels of sIgA in the gut, among other phenotypes-but are also more susceptible to infection by enteric pathogens, such as Shigella flexneri and Salmonella typhimurium [108] [109] [110] [111] . Colonization of germfree mice by Bacteroides corrects many of these immune defects, suggesting important interactions between Bacteroides and the host 112 . One such interaction is mediated by the capsular polysaccharide component PSA from B. fragilis, as discussed above 70, 94, 113 (Fig. 2b) . A recent study has identified additional gut commensals that produce zwitterionic capsular polysaccharides, including a strain of Bacteroides cellulosilyticus, with similar anti-inflammatory properties to PSA Taken together, their data suggest the onset of certain immunological diseases can be influenced by microbiota composition during infancy 115 . Gram-positive organisms (for example, human gut Firmicutes) lack LPS but instead present a thick peptidoglycan layer to the host; the role of Gram-positive microbiota variation in host immunomodulation is not well understood, though Clostridium strains have been found to promote regulatory T cell accumulation and colitis resistance in mice 116 . Although Bacteroides reveal important lessons about the role of microorganisms in promoting health, these species are also implicated in important human diseases. The intestinal pathogen enterohemorrhagic E. coli (EHEC) is known to form attaching and effacing lesions along the gut epithelium, leading to severe diarrhoea 117, 118 . Surprisingly, its pathogenicity is enhanced by otherwise beneficial microorganisms, such as the gut commensals B. thetaiotaomicron and B. vulgatus, which cleave fucose, sialic acid moieties and other sugars from mucosal glycoproteins that are then consumed by EHEC, leading to enhanced expression of its virulence genes [119] [120] [121] . Similar effects have been observed using gnotobiotic models involving the pathogens S. typhimurium and Clostridium difficile following treatment with antibiotics 37 . As antibiotics can modulate the microbiota in a broad and imprecise manner, their consumption disturbs the stability and balance of the gut ecosystem, thereby making it easier for these pathogens to invade 122 . The diminished microbial competition within antibiotic-treated animals enables these pathogens to gain easier access to fucose and sialic acid moieties liberated by Bacteroides.
The mucosal barrier that keeps the microbiota from contacting host tissue is critical and can become compromised during certain situations, including intestinal surgery, tissue damage from Crohn's disease or ulcerative colitis, development of diverticulitis, or rupturing of the appendix 20, [123] [124] [125] . When this occurs, patients are at higher risk of developing intra-abdominal abscesses that must be drained and treated with antibiotics. Studies dating back more than a century noted the overabundance of anaerobic bacteria isolated from abscesses compared with aerobes 20, 126, 127 . While the nomenclature of those early days differed from that of today (the type species for Bacteroides, B. fragilis, was initially named 'Bacillus fragilis' in 1898 (ref. 20) , and the genus name 'Bacteroides' was only coined two decades later 128 ), it stands to reason from more recent studies that the majority of those anaerobes were indeed members of the Bacteroides, with B. fragilis being the most prominent of the anaerobes and E. coli being the most prominent of the aerobes 33, 123, 129 . It is for this reason that B. fragilis has long been considered a human pathogen 130 . However, when kept in their normal gut luminal environment, gut microorganisms such as B. fragilis are more helpful to their host than harmful 70 . In order to persist, our gut microorganisms must be able to withstand periods of inflammation. Major factors within the inflamed gut include secreted host antimicrobial factors such as the peptidoglycan-targeting lectin RegIIIγ (regenerating islet-derived protein 3-γ) and the LPS-targeting peptide hLL-37 (or hCAP-18, human cathelicidin antimicrobial peptide 18) (refs 124 and 131). As many antimicrobial peptides carry positive charges, they are drawn to the negatively charged outer membranes of Gram-negative bacteria, whereupon they can mediate cell damage 132 . Over the course of evolutionary history, the Bacteroides have become highly resistant to host antimicrobial peptides through the direct modification of their LPS 133 . They accomplish this using a specialized phosphatase, LpxF, which can reduce the negative charge on the outer membrane, thereby making the cell less attractive to cationic antimicrobial peptides 133 . This mechanism serves to illustrate a key strategy to maintaining stable, long-term colonization of the human gut and resilience in the face of inflammation.
Future perspectives
The sheer biological complexity of the human gut microbiota presents a daunting challenge to the scientific community and creates numerous barriers to our ability to study, understand and manipulate these communities in a precise manner. One of the major impediments to progress is a lack of appropriate genetic tools to dissect our microorganisms to determine how they work at the cellular and molecular level. Because members of the Bacteroides are culturable and amenable to genetic manipulation, they have emerged as an ideal model group of human gut bacteria. The lessons that have been learned from decades of studying Bacteroides can inform our understanding of other members of our gut microbiota and their impacts on the health of their host. Understanding how Bacteroides avoid triggering host immune pathways or avoid assault by antimicrobial molecules, how they break down nutrients from food particles or host mucus, how they respond to changes in host diet and other perturbations, or how they interact with each other and other members of their community may ultimately point us to the fundamental, underlying mechanisms of microbial physiology in the gut. A firm grasp of these fundamentals may enable great strides in the development of targeted therapeutics that alter the microbiota of patients to combat the multitude of diseases, infections and disorders linked to the gut microbiota.
